Ribosomal ribonucleic acid (RNA) homology studies indicated that there is 90 to 96% homology between Azospirillum lipoferum and Azospirillum brasilense and 64 to 70% homology between these two species and Azospirillum amazonense. These findings support the inclusion of these three species in the genus Azospirillum. In contrast, "Azospirillum seropedicae" strains showed very little homology with the other Azospirillum species (<22% RNA homology) and should not be considered a member of this genus. The taxonomic placement of b'Azospirillum seropedicae" is uncertain. The nearest relatives of the genus Azospirillum were Aquaspirillum itersonii and Rhodospirillum rubrum (>65 % RNA homology); Gluconobacter oxydans and Beijerinckia indica exhibited 30 to 60 % RNA homology with AzospiriZlum species. Deoxyribonucleic acid studies indicated that Conglomeromonas largomobilis subsp. largomobilis was related to Azospirillum lipoferum at a level of deoxyribonucleic acid homology of >45% and at a level of RNA homology of 99%; moreover, this organism was found to be a microaerophilic nitrogen fixer. Thus, C. largomobilis subsp. largomobilis is a subjective synonym of Azospirillum lipoferum. In contrast, deoxyribonucleic acid homology studies indicated that C. largomobilis subsp. parooensis is not related to C. largomobilis, Azospirillum lipoferum, or any other species tested, and its taxonomic position is uncertain. Several strains of azospirilla which form unique star-shaped colonies were identified as Azospirillum lipoferum by deoxyribonucleic acid homology.
In 1976 Dobereiner and Day reported the isolation of a microaerophilic nitrogen-fixing vibrioid bacterium from the roots of forage grasses in Brazil (5). This organism was identified as "Spirillum lipoferum " Beijerinck 1925 (2) . Many similar strains were isolated subsequently from various kinds of plants and soils and from various geographic regions of the world, and, although all of these strains were called " S . lipoferum," it was not clear whether they all belonged to a single species. Subsequent taxonomic studies indicated the occurrence of two deoxyribonucleic acid (DNA) homology groups, which were interpreted as representing two species (16) . Based on membrane filter compelition DNA homology experiments, there was 30 to 50% interspecies DNA homology, which was interpreted to mean that the two species belonged to the same genus (16) . ]However, these species could not be assigned to any established genus, and thus a new genus, Azospirillum, was created for them (16) . The species were named Azospirillum i'ipoferum (type species) and Azospirillum brasilense. The former could be differentiated from the latter by, among other characteristics, its ability to use glucose as a sole carbon source for nitrogen fixation and its requirement for biotin. Neither species could use disaccharides, such as sucrose. Detailed descriptions of the two species have recently been published in Bergey 's Manual of Systematic Bacteriology (10) .
In 1983 a new species, Azospirillum amazonense, was described (11) . The strains of this species were related to one another at a DNA homology level of >57%, as measured by the S1 nuclease method (6) ; moreover, they showed no significant homology with the other two species, indicating ithat they represented a distinct species. Because of the lack of DNA homology with the other two species, assignment to the genus Azospirillum was made solely on the basis of phenotypic characteristics. Among the differences between ,4zospirillum amazonense and the other two species were the * Corresponding author formation of white rather than pink colonies on potato agar (BMS agar [lo]), the absence of lateral flagella, and the ability to use sucrose as a sole carbon source for nitrogen fixation (6, 11) .
In 1984 a fourth species, "Azospirillum seropedicae," was described Baldani, and J. Dobereiner, data not shown). Baldani et al.
(1) assigned the species provisionally to the genus Azospirillum on the basis of its vibrioid cell shape, its ability to fix nitrogen under microaerobic conditions with malate as the carbon and energy source, and its association with plant roots. However, the organisms differed from other azospirilla by having a smaller cell diameter; by having one to three flagella at one or both poles rather than a single polar flagellum; by forming small, moist, green-centered colonies on nitrogen-free basal medium (Nfb medium [lo]) containing yeast extract rather than the dry white colonies formed by other azospirilla; and by having a slightly lower guanineplus-cytosine content of the DNA (66 to 67 mol%).
In 1983 Skerman et al. (15) proposed a new genus, Conglomeromonas, with one species, Conglomeromonas largomobilis, and two subspecies, Conglomeromonas largomobilis subsp. largomobilis and Conglorneromonas largomobilis subsp. parooensis. Although these organisms were isolated from freshwater sources rather than from soil or plant roots and although they were unable to fix nitrogen under aerobic conditions, other characteristics reported for these organisms suggest that they may be related to the genus Azospirillum. These characteristics include high DNA guanine-plus-cytosine contents (67 to 70 mol%), a straight or slightly curved shape, development of multicellular elongated forms, and occurrence of lateral flagella in addition to a single polar flagellum. On the basis of these characteristics, a further comparison of these organisms with members of the genus Azospirillum seems to be warranted. Recently, one of us (V.L.D.B.) isolated several new strains of azospirilla which differed from other azospirilla by forming colonies shaped like stars on BMS agar. In other respects these organisms resembled strains of Azospirillum lipoferum, but their identity was uncertain.
The purpose of this study was to determine the relatedness of Azospirillum amazonense, "Azospirillum seropedicae," the new "starlike" strains, and members of the genus Conglomeromonas to members of the genus Azospirillum by using DNA and ribosomal ribonucleic acid (rRNA) homology experiments.
MATERIALS AND METHODS
Organisms and growth conditions. The strains used and their sources are listed in Table 1 .
For isolation of nucleic acids, Azospirillum species were cultured in nutrient broth at 37°C or, in the case of "Azospirillum seropedicae," at 30°C. C . largomobilis subsp. largomobilis was cultured in a peptone-succinate-salts broth (MPSS broth [3] ) at 37"C, whereas C. largomobilis subsp. parooensis, which did not grow well at 37"C, was cultured in nutrient broth at 32°C. Beijerinckia indica strains were cultured at 30°C in Nfb medium containing 0.1% ammonium sulfate. Gluconobacter oxydans strains were cultured at 23°C in sorbitol-yeast extract-peptone medium (13) . Rhodospirillum tenue was grown aerobically in the dark at 30°C in a medium containing 0.1% K2HP04, 0.05% MgS04, and 1% yeast extract (pH 7.0), whereas Rhodospirillum rubrum was grown aerobically in Trypticase soy broth in the dark at 30°C. Aquaspirillum itersonii was cultured in MPSS broth at 30°C.
Isolation of nucleic acids. Low-molecular-weight DNA was extracted and purified by the hydroxylapatite procedure described by Johnson (8) . High-molecular-weight DNA was extracted and purified by the procedure described by Marmur (12) . DNA preparations were stored at -20°C in 0 . 1~ standard saline citrate (SSC; IX SSC is 0.15 M NaCl plus 0.015 M trisodium citrate, pH 7). Low-molecular-weight DNA preparations were further fragmented by two passages through a French pressure cell at 16,000 lb/in2; they were then denatured by heatifig in a boiling water bath for 5 min and adjusted to a concentration of 0.4 mg/ml for use in the DNA homology experiments. The high-molecular-weight DNA preparations were used in ribonucleic acid (RNA) homology experiments.
rRNA was isolated by a variation of the Kirby procedure described by Johnson (9) . The rRNA preparations were stored at -20°C in IX SSC containing 1% sodium dodecyl sulfate. Competitor rRNA concentrations were adjusted to 2 mg/ml. rRNA to be labeled (see below) was fractionated by centrifugation for 15 h at 8°C in a Sorvall type AH628 rotor through 5 to 20% sucrose gradients prepared in l x SSC-O.5% Sarkosyl. The 16s and 23s components were collected and used for labeling.
Nucleic acid labeling. Portions of the 0.4-mg/ml DNA preparations from the type strains of Azospirillum brasilense, Azospirillum lipoferum, Azospirillum amazonense, 'Azospirillum seropedicae," and C . largomobilis and from C . largomobilis strains UQM 2042T (T = type strain) and UQM 2043 were labeled by in vitro iodination. The T1C13 iodination procedure of Selin et al. (14) was modified by adding sodium perchlorate to a final concentration of 5.0 M, as described previously (6) . The 16s and 23s rRNA components of the type strains of the four Azospirillum species were labeled with lZ5I as described previously (14, 17) . The RNA was dissolved in I X SSC-1 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7)-0.5% sodium dodecyl sulfate to a concentration of 30 pdml and was stored at -20°C.
DNA homology experiments. The S1 nuclease procedure described by Johnson (9) was used for the DNA homology experiments. The reassociation mixtures consisted of 10 pl of labeled DNA (0.03 pg), 50 p1 of unlabeled DNA (20 pg) or 0.1x SSC, 25 pl of 5.28 M NaC1-1.0 mM HEPES, and 25 pl of formamide. The mixtures were reassociated at 65°C (25°C below the thermal melting point in this buffer system) for 24 h. The S1-resistant duplexes and 60 pg of sheared salmon sperm DNA were coprecipitated by adding 0.25 volume of a mixture containing 1 N HC1, 1% sodium pyrophosphate, and 1% NaH2PO4. After refrigeration for 1 h at 4"C, the precipitates were collected on glass fiber filters (Whatman GFIF).
Radioactivity was measured with a Beckman model 5500 gamma scintillation counter.
rRNA hybridization experiments. The general procedures and equipment used for the rRNA hybridization experiments were those described by Johnson (9) . Denatured highmolecular-weight DNAs (4.35 mg) from the type strains of the four Azospirillum species were immobilized on 15-cm type BA85 nitrocellulose membrane filters (Schleicher & Schuell, Inc.) at a concentration of 25 pg/cm2 by using an adaptation of the Gillespie-Spiegelman (7) procedure described by Johnson (9) . A paper punch was used to cut the 3-by 9-mm filters (about 4 pg of DNA per filter) used in the hybridization experiments. The membranes were incubated in reassociation mixtures which consisted of 10 pl of labeled rRNA (0.3 pg), 25 pl of competitor rRNA (50 pg), 25 pl of 17.6X SSC-1 mM HEPES (pH 7), and 50 p1 of deionized formamide. For direct hybridization, the competitor rRNA was replaced with 25 pl of l x SSC4.5% sodium dodecyl sulfate. Each competition experiment contained a series of eight direct-binding-reaction vials, eight homologous competitor-reaction vials, and four competitor-reaction vials for each heterologous RNA. The hybridization vials were incubated for 17 h at 50"C, and the membranes were washed in two 300-ml volumes of 2x SSC at 50°C (5 min each wash). The membranes were then washed in 2x SSC containing 10 pg of ribonuclease A per ml and 0.25 U of ribonuclease TI for 1 h at 37°C; they were then washed in a 300-ml volume of 2x SSC at room temperature for 5 min, and this was followed by drying under a heat lamp for 15 min. The levels of radioactivity of the membranes were measured with a Beckman model 5500 gamma scintillation counter. Table 2 , the type strains of Azospirillum lipoferum and Azospirillum brasilense were related at a homology level of about 15%, and both of these strains were related to the type strain of Azospirillum amazonense at a homology level of <7%. These values were consistent with results reported previously (6) but were lower than the values of 30 to 50% reported by Tarrand et al. (16) for DNA homology between Azospirillum brasilense and Azospirillum lipoferum, due to use of the S1 nuclease method. Reference strain ATCC 35120 of Azospirillum amazonense had a high level of homology (83%) with the type strain of this species; this value was similar to the value of 88% reported previously (6) . Referetlce strains ATCC 29731 and SpRG9c of Azospirillurn lipoferum exhibited 52 to 54% homology with the type strain of this species; these values were lower than the previous value of 73% obtained by Tarrand et al., who used the membrane filter competition method. The starlike strains (strains MA-1, MA-3, TSE-2, TSE-7, IIISa-4, IIISb-6, and 260d) were related to Azospirillum lipoferum at homology levels of 45 to 60% and to the type strain of C . largomobilis subsp. largomobilis at homology levels of 36 to 54%. They exhibited only 20 to 24% homology with the type strain of Azospirillum brasilense and only very low homology values (<8%) with Azospirillum amazonense and the type strain of C . largomobilis subsp. parooensis. "Azospirillum seropedicae" strains exhibited very low levels of homology with other species of Azospirillum and with both subspecies of C. largomobilis.
RESULTS

DNA homology results. As shown in
The type strain of C. largomobilis subsp. largomobilis exhibited 67% homology with C. largomobilis subsp. largomobilis reference strain UQM 2043 and exhibited 47% homology with the type strain of Azospirillum lipoferum. It
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exhibited only low levels of homology with Azospirillum brasilense, Azospirillum amazonense , "Azospirillum seropedicae," and C . largomobilis subsp. parooensis.
RNA homology results.
The results of the rRNA competition experiments are shown in Table 3 . The rRNA homology values ranged from 8 to 100%. The reciprocal homology values among the various type and reference strains were for the most part very similar; the greatest differences in reciprocal homology values (10 to 12%) occurred with Azospirillurn amazonense and Azospirillum lipoferum strains. Azospirillum lipoferum and Azospirillum brasilense were highly related, yielding RNA homology values of 91 to 96%. Lower levels of relatedness occurred between Azospirillum lipoferum and Azospirillum awtazonense and between Azospirillum brasilense and Azospirillum amazonense (64 to 76%). These three species of azospirilla exhibited only very low homology values with L'Azospirillum seropedicae" ; indeed, the latter species was most closely related to R . tenue and exhibited only low homology values with the other species tested.
Both Azospirillum lipoferum and Azospirillum brasilense were highly related to C. largomobilis subsp. largomobilis (90 to 99% homology) but not to C. largomobilis subsp. parooensis. Lower levels of relatedness were observed between Azospirillum lipoferum and species of other genera; the highest level of relatedness was with Aquaspirillum itersonii (52 to 73%).
DISCUSSION
The results af our DNA homology experiments indicate that Azospirillum brasilense, Azospirillum lipoferum , and Azospirillum amazonense are genetically distinct species. However, whether these three species should be classified in a single genus is not entirely clear from the DNA homology data. By using the membrane filter competition method, Tarrand et al. (16) found a sufficient level of DNA homology (30 to 50%) between Azospirillum brasilense and Azospirillurn lipoferum to justify inclusion of these two species in a single genus. In the present study, however, the level of interspecies homology was much less (about 15%), due to use of the more rigorous S1 nuclease method. Azospirillum amazonense exhibited even lower homology levels with the other two species.
Because of the conservation of rRNA cistrons, rRNA homology experiments can provide evidence regarding relationships above the species level of classification. The rRNA cistrons of Azospirillum brasilense and Azospirillum lipoferum show very high degrees of similarity (91 to 96% homology), in agreement with the RNA hybridization data reported by I)e Smedt et al. (4) . Moreover, Azospirillum amazonense was related to these two species at RNA homology levels of 65 to 76%. This provides strong evidence that these three species do belong in a single genus.
On the basis of both DNA homology and RNA homology, "Azospirillum seropedicae" was found to be genetically distinct from the other three species of Azospirillum, with RNA homology values of only 9 to 22% with these three species. This indicates that "Azospirillum seropedicae" should not be included in the genus Azospirillum. Indeed, "Azospirillum seropedicae" is much more highly related to R . tenue (47% RNA homology) than to species of Azospiril- These results prompted us to examine the two C. largomobilis subsp. largomobilis strains for their ability to fix nitrogen, a key characteristic of azospirilla. Skerman et al. (15) reported that these strains failed to fix nitrogen under aerobic conditions; however, in our laboratory both strains grew in semisolid nitrogen-free malate medium provided that biotin was present, and they gave positive acetylene reduction tests. They did not reduce acetylene when they were grown in a similar medium containing 0.1% (NH4)$304, and they failed to grow in liquid nitrogen-free medium. Thus, they appeared to be microaerophilic nitrogen fixers. Other phenotypic traits described by Skerman et al. regarding cell morphology, flagellar arrangement, guanine-plus-cytosine content of the DNA, and various physiological and nutritional characteristics were compatible with the characteristics of Azospirillum lipoferum, with the exception of acid production from melibiose and hydrolysis of starch. When we performed these two tests by using media and conditions that have been used for azospirilla (10, 16) , both strains were negative. Consequently, we believe that, despite its isolation from freshwater sources, C. largomobilis subsp. largomobilis should be considered a subjective synonym of
Azospirillum lipoferum.
Surprisingly, C . largomobilis subsp. parooensis strain UQM 2402T exhibited negligible DNA homology with the type strain of C. largomobilis subsp. largomobilis and with Azospirillum lipoferum. Thus, this strain represents neither a subspecies of C. largomobilis nor a strain of Azospirillum lipoferum. Unlike the strains of C. largomobilis subsp. largomobilis, it failed to grow in semisolid nitrogen-deficient malate medium and appeared to be incapable of nitrogen fixation. To what genus this strain should be assigned is uncertain.
On the basis of out RNA homology experiments, the nearest relatives of the genus Azospirillum (of those species tested) are the freshwater spirillum Aquaspirillum itersonii and the phototroph R . rubrum. Aquaspirillum itersonii exhibited 72 to 73% RNA homology with Azospirillum lipoferum, and R . rubrum exhibited 65% homology. Indeed, these homology values were similar to the homology values between A z osp ir ill um a ma zon e ns e and Azo sp ir ill u m lipoferum and between Azospirillum amazonense and Azospirillum brasilense. These findings are in agreement with the data of Woese et al. (18) , who found that these organisms are related on the basis of rRNA oligonucleotide cataloging at an SAB (association coefficient) value of 0.5. Our findings are also in agreement with the results of De Smedt et al. (4), who found that the rRNA cistrons of Azospirillum species were more similar to those of Aquaspirillum itersonii (and also Aquaspirillum polymorphum) than to those of a variety of other bacteria tested. De Smedt et al. have defined an rRNA superfamily which contains, among other organisms, Azospirillum, Aquaspirillum itersonii, Gluconobacter, and Beijerinckia. With regard to Gluconobacter, the strains of G . oxydans used in our study exhibited levels of RNA homology with Azospirillum lipoferum, Azospirillum brasilense, and Azospirillum amazonense ranging from 38 to 60%. Similarly, the type strain of B. indica was related to these three Azospirillum species at RNA homology levels of 32 to 55%; however, reference strain ATCC 9038 exhibited a lower level of relatedness (11 to 32%). In summary, our results indicate that (i) Azospirillum brasilense, Azospirillum lipoferum, and Azospirillum amazonense comprise a genus having high levels of interspecies RNA homology; (ii) the genus Azospirillum belongs to an RNA homology group which also contains Aquaspirillum itersonii, R . rubrum, R . tenue, G . oxydans, and B . indica; (iii) "Azospirillum seropedicae" is not a member of the genus Azospirillum; (iv) C . largomobilis subsp. largomobilis should be considered a subjective synonym of Azospirillum lipoferum; (v) C . largomobilis subsp. parooensis is not closely related to C. largomobilis subsp. largomobilis or Azospirillum lipoferum; and (vi) the previously unidentified starlike Azospirillum strains are strains of Azospirillum lipoferum.
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